Adult human skin from a sun-protected site (hip) and from a sun-exposed site (forearm) was maintained in organ culture for 12 d in the presence of a serum-free, growth factorfree basal medium. Cultures were incubated under conditions optimized for keratinocyte growth (i.e., in 0.15 mM extracellular Ca2") or for fibroblast growth (i.e., in 1.4 mM extracellular Ca2"). Treatment with all-trans retinoic acid (RA) induced histological changes in the organ-cultured skin under both conditions which were similar to the changes seen in intact skin after topical application. These included expansion of the viable portion of the epidermis and activation of cells in the dermis. In sun-damaged skin samples, which were characterized by destruction of normal connective tissue elements and presence of thick, dark-staining elastotic fibers, a zone of healthy connective tissue could be seen immediately below the dermo-epidermal junction. This zone was more prominent in RA-treated organ cultures than in matched controls. Associated with these histological changes was an increase in overall protein and extracellular matrix synthesis. In concomitant studies, it was found that RA treatment enhanced survival and proliferation of adult keratinocytes and adult dermal fibroblasts under both lowand high-Ca2" conditions. In all of these assays, responses of sun-protected and sun-exposed skin were identical. In contrast, responses of neonatal foreskin to RA were similar to those of adult skin in the presence of low-Ca2" culture medium, but under conditions of high extracellular Ca2" RA provided little or no additional stimulus. Together these studies suggest that the ability of RA to enhance repair of sun-damaged skin (documented in previous studies) may reflect its ability to influence the behavior of skin in a manner that is age dependent but independent of sun-exposure status. (J. Clin. Invest. 1994Invest. .94:1747Invest. -1756
Introduction
Past studies have shown that proliferative responses of human keratinocytes and fibroblasts decrease as a function of age (1 -12 (13) (14) (15) (16) . Changes in fibroblast and keratinocyte proliferative capacity in monolayer culture are correlated with age-related alterations in the appearance of the skin (17) (18) (19) (20) (21) . Characteristically, the skin of older individuals is looser, dryer, paler, and more finely wrinkled than the skin of younger people. The epidermis tends to be thinner in aged skin although the normal features of differentiation can be seen. The dermis is also thinner. The average number of dermal fibroblasts present is decreased as is the total amount of dermal collagen. Likewise, dermal vascularity of aged individuals is decreased as compared with that of younger people.
Superimposed on the structural and functional changes in the skin that result from intrinsic aging are effects of chronic sun exposure. Past studies have documented the deleterious effects of ultraviolet irradiation on both dermal and epidermal cellular populations in skin. Studies by Gilchrest (22, 23) have shown that keratinocytes and fibroblasts taken from sun-exposed skin have a reduced lifespan in vitro as compared with the same cells taken from adjacent (sun-protected) skin. Histological differences between sun-exposed and sun-protected skin can also be seen (24) (25) (26) (27) (28) (29) (30) (31) . Epidermis of sun-exposed skin is compacted and thinned. Polarity of basal cells is lost, and nuclear atypia can be seen. In the dermis one sees accumulation of thickened, degraded elastic fibers and a decrease in intact collagen fibers. This is accompanied by a reduction in the interstitial cell population (i.e., mostly fibroblasts) and a deterioration of the capillary beds of the papillary dermis. Although it was at one time thought that sun damage to skin was irreversible, more recent studies in humans and in experimental animals have documented that repair can occur upon cessation of exposure (32, 33) . Further, it has been shown that treatment of sundamaged skin with agents such as all-trans retinoic acid (RA)' can hasten the repair process (34, 35) . How RA facilitates repair of sun-damaged skin is not fully understood. It may act by inhibiting or reversing processes that are triggered directly by exposure to ultraviolet light (36) (37) (38) (39) . Alternatively, RA is a multifunctional molecule that is known to regulate directly or indirectly many processes in a variety of cell types (40) . The ability of RA to enhance repair of sun-damaged skin may reflect this pleotropic activity.
We demonstrated recently that human skin could be maintained in organ culture for up to 12 d under serum-free, growth factor-free conditions (41) (42) (43) . It was shown in these studies that treatment of organ-cultured skin with RA induced changes that were analogous to those seen in intact skin after topical RA treatment. These changes include expansion of the viable portion of the epidermis (41, 42) and induction of new extracellular matrix production (43) . In our original studies, only skin from a sun-protected site was used. In this study we have used the same organ culture approach to compare skin from three sources, i.e., adult sun-protected skin, adult sun-exposed skin, and neonatal foreskin, in their responses to RA. We report here that, by a variety of criteria, adult skin from sun-protected and sun-exposed sites responds in a qualitatively and quantitatively similar manner to RA while there are significant differences between adult skin from either site and neonatal foreskin in these same responses.
Methods
Culture media and reagents. Keratinocyte basal medium (KBM) was used as culture medium for these experiments. KBM Organ cultures. Organ cultures were established from healthy adult volunteers and maintained as described (41) (42) (43) . Briefly, 2-mm fullthickness punch biopsies were obtained from the hip (sun-protected site) or forearm (sun-exposed site) of healthy adult volunteers (normally four biopsies per site) and were immediately placed into wells of a 24-well dish containing 0.5 ml of KBM. Foreskin tissue was obtained after circumcision and cut into 2-mm full-thickness pieces and placed into wells containing 0.5 ml of KBM. One tissue from each specimen was incubated in KBM alone containing either 0.15 or 1.4 mM extracellular Ca2", while RA (3 AM) was added to the KBM in other wells. This concentration of RA has been shown to be optimal for preservation of histological features in adult sun-protected skin (41) . Furthermore, recent studies have shown that topical RA treatment protocols that improve the clinical appearance of intact skin result in a 2-3 AM concentration of RA in the viable portion of the epidermis (44 Low-Ca2" and high-Ca2' KBM alone served as negative controls, and human plasma fibronectin diluted in the same culture media was used to generate standard curves. The ELISA was run as described in previous studies (45) , and the values obtained with the culture fluids were compared directly with the values obtained from the negative control wells and standard curves.
Cellular outgrowth from organ-cultured tissue. A number of specimens were used to assess keratinocyte and fibroblast viability after organ-culture incubation. For this, tissue specimens that had been incubated in either KBM alone (0.15 or 1.4 mM Ca2+) or in the same basal medium supplemented with RA were harvested and minced with scissors and forceps. The minced tissue pieces were transferred to 25-cm2 flasks and allowed to attach firmly to the tissue culture plastic. After allowing the tissue pieces to attach, minimal essential medium of Eagle with Earle's salts, nonessential amino acids, and 10% fetal bovine serum (MEM-FBS) was added. Cultures were provided fresh medium as needed and examined for outgrowth of fibroblasts and keratinocytes. If no outgrowth was seen by 2 wk, the flasks were discarded. Although this assay is insensitive, it is definitive in that recovery of keratinocytes and/or fibroblasts provides proof that these cells were viable at the end of the organ-culture period.
Monolayer culture assays. Keratinocytes were obtained from adult sun-protected skin and neonatal skin by the method of Liu and Karasek (46) . Culture medium consisted of KGM. Fibroblasts were obtained from minced tissue (adult sun-protected, adult sun-exposed, and neonatal) and cultured in MEM-FBS as described previously (47) . Both keratinocytes and fibroblasts were grown at 370C in an atmosphere of 5% CO2 and subcultured as required. Cells were routinely used at passages 2-4. For use in proliferation assays, the cells were plated at 5 x 104 cells/well in a 24-well culture dish. KGM was used as plating medium for keratinocytes, and MEM-FBS was used as plating medium for fibroblasts. After allowing the cells to attach and spread, cells were washed twice in KBM (either 0.15 or 1.4 mM Ca2") and incubated for an additional 2 d in this medium alone or in the same medium supplemented with RA (3 ILM). At the end of the incubation period, cells were harvested and counted. An electronic particle counter was used to assess cell numbers after first verifying that the cells were in single-cell suspension. Additional studies were conducted in the exact same manner except that (growth factor-supplemented) KGM rather than KBM was used as incubation medium.
Results
Effects of RA on epidennal features of organ-cultured skin. Adult sun-protected and sun-exposed skin and neonatal foreskin were incubated for 12 d in organ culture under conditions optimized for keratinocyte growth (i.e., in KBM containing 0.15 mM Ca2+) (46, (48) (49) (50) or for fibroblast growth (i.e., in KBM containing 1.4 mM Ca2+) (47, 51) , based on monolayer culture studies. Cultures were left as control or concomitantly treated with 3 OM RA. At the end of the incubation period, tissues were fixed for histology, stained with hematoxylin and eosin, and examined microscopically. In the absence of RA treatment, tissues from all three sites had a similar appearance. Specifically, they were completely necrotic after incubation in lowCa2+ culture medium for 12 d, but remained histologically intact when incubated for the same period of time in high-Ca2" KBM.
Adult sun-protected skin and neonatal foreskin after incubation in low-Ca2' KBM are shown in Fig. 1, A and E, respectively, and skin from the same sites after incubation in high-Ca2+ KBM are shown in Fig. 1 , C and G. Adult sun-exposed skin (not shown) had an appearance identical to that of sun-protected skin.
Treatment of adult sun-protected or sun-exposed skin with RA under either low-Ca2+ or high-Ca2+ conditions resulted in dramatic changes in the histological appearance of the epidermis. Under low-Ca2+ conditions, RA prevented epidermal necrosis. The basal epithelial layer remained intact, and there were several layers of viable epithelial cells above. However, normal epithelial differentiation did not occur, and the upper layers of the epidermis separated from the viable portion beneath (Fig.  1 B) . Under high-Ca2+ conditions, concomitant treatment with RA resulted in a significant expansion of the viable portion of the epidermis (Fig. 1 D) . When neonatal foreskin was treated with RA in organ culture, different results were obtained. Specifically, neonatal foreskin incubated in low-Ca2" KBM responded to RA in much the same manner as adult skin (Fig. 1,  F) . However, there was essentially no response to treatment with RA under high-Ca2" conditions. Control and RA-treated skin were virtually identical in histological appearance (Fig. 1,  G and H) . Quantifiable information from these tissues is presented in Table I .
Although RA was used with most of the skin specimens, retinol, vitamin D, and SLS were also examined with a number of adult sun-protected specimens. To summarize findings with these agents, the same changes in epidermal structure were seen after retinol treatment as after RA treatment. However, retinol was less effective than RA. It required a higher concentration to elicit a maximal response (7.5 vs 3 tM, respectively), and the response of the tissue to an optimal concentration was less (on average) with retinol than with RA (Table I ). In contrast, vitamin D and SLS were completely without effect in organ culture when examined over a wide range of concentrations (0.1-10jIM with vitamin D and 0.1-50 jiM with SLS). There was no preservation of the basal epithelial cell layer under lowCa2" conditions with either agent and no expansion of the viable portion of the epidermis under high-Ca2" conditions (Table I) .
Effects of RA on dermal features of organ-cultured human skin. Dermal histological features were also assessed in the same specimens. With skin from all three sites, incubation in low-Ca2 -containing medium resulted in extensive pyknosis in the interstitial cell population (mainly fibroblasts) and in degeneration of both connective tissue structures and capillaries. These degenerative changes were much less evident in tissues that had been incubated either in low-Ca2" KBM supplemented with RA or in high-Ca2" KBM without RA. The combination of high Ca2" and RA provided the best response. Although these dermal features are difficult to quantify, numbers of nonpyknotic interstitial cells (Table I ) indicate the differences between treatment groups. As with the epidermal features, there was no difference between adult and neonatal tissues in their response to RA under low-Ca2" conditions, while only the adult tissue responded to RA under high-Ca2" conditions (Table I) .
In addition to these findings, which appeared to be independent of sun-exposure status or degree of sun damage, additional dermal features were evident in sun-damaged skin specimens. The dermis of these specimens was characterized by disruption of normal connective tissue structures and by the presence of dark-staining, thickened, elastotic fibers throughout the tissue sections. The appearance of one such specimen after 12 d in culture in KBM containing 1.4 mM Ca2" with or without RA is shown in Fig. 2 . Incubation in organ culture for this short period of time (either with or without RA) did not reverse the solar damage (i.e., dermal elastosis) that had already accumulated. However, consistent with findings from in vivo studies (32) (33) (34) 36) , a zone of healthy connective tissue could be seen immediately below the dermo-epidermal junction in both specimens. The major difference between the control and RAtreated tissue was in the width of this zone. It was wider (on average) in the RA-treated sample (Fig. 2) . Table II Fig. 2; Keratinocyte and fibroblast recovery from organ-cultured skin. Although these findings strongly indicate that human skin can be maintained in a histologically intact and biochemically active condition for several days in organ culture, it is difficult to directly assess cell viability in these cultures. A keratinocyteand fibroblast-recovery assay was used, therefore, as a way to conclusively demonstrate cell viability after organ culture incubation under various conditions. The results of this assay are shown in Table III . It can be seen that when the organcultured adult skin from either site was incubated in low-Ca2+ KBM for 12 d there was a complete loss of keratinocyte viability as indicated by the inability to subsequently recover cells from minced tissue pieces. Likewise, fibroblasts were recovered from only a small percentage of these same tissues. Ability to recover both cell types was improved when RA was present throughout the organ culture incubation period. It can also be seen from Table HI that keratinocyte and fibroblast viability was greater in high-Ca2' KBM than in low-Ca2' KBM. However, even in high-Ca2+ culture medium, RA promoted cell survival, and the highest recovery of both cell types was from tissues that had been incubated in high-Ca2+ KBM supplemented with RA. Table Ill also shows results from studies with neonatal foreskin tissue. In contrast to what was observed with adult tissue, both keratinocytes and fibroblasts survived incubation in organ culture for 12 d in either low-Ca2" or high-Ca2' KBM. As a result, we were able to isolate both cell types from virtually all tissues in the presence or absence of RA. Additional studies were conducted in which neonatal skin was maintained in organ culture until day 20 and then examined for the presence of viable keratinocytes and fibroblasts. After 20 d, recovery of both cell types from tissues incubated in low-Ca2+ KBM alone was reduced as compared with day 12 recovery rates (Table  HI) . Under conditions of low-Ca2+ culture medium, a protective effect of RA on both cell types was seen (Table III) . Better recovery of both cell types occurred from cultures that had been incubated in high-Ca2+ KBM. The addition of RA to high-Ca2+ medium did not increase the recovery percentage further (Table HI).
Although overall recovery percentage was the main criterion used in this study, we also noted a correlation between the rapidity with which cells could be detected in the outgrowth assay and the overall recovery percentage. Likewise, the total number of viable cells that could be seen microscopically in the culture flasks at any given time point during the 2-wk observation period appeared to correlate with overall recovery percentage. These parameters were difficult to quantify, however, because of culture to culture variability and the presence of both keratinocytes and fibroblasts in many of the same culture flasks.
Proliferation of keratinocytes andfibroblasts in monolayer culture. In a final set of experiments, keratinocytes and fibroblasts were isolated from adult and neonatal skin and established in monolayer culture. These cells were examined for ability to survive and proliferate in low-Ca2' and high-Ca2+ KBM in the presence or absence of RA (Fig. 5) . Neonatal keratinocytes underwent a proliferative response in either low-Ca2+ or highCa2+ culture medium while there was no net growth with the adult keratinocytes under either condition (Fig. 5, bottom) . When RA was included in the culture medium, both neonatal and adult cells proliferated. The neonatal keratinocytes responded much more vigorously than the adult cells. In additional experiments, neonatal keratinocytes and adult keratinocytes (sun-protected site only) were examined for responsiveness to RA in growth factor-supplemented medium (KGM). Significant proliferation of both adult and neonatal cells occurred in the growth factor-supplemented medium, but, in contrast to the results obtained in basal medium, there was no response to RA in the already rapidly proliferating cells (not shown).
The fibroblast response to RA (Fig. 5, top) was significantly different from that of keratinocytes. When low-Ca2' KBM was used as culture medium, not only did the adult fibroblasts fail to proliferate, but a high percentage of these cells died. Although adult dermal fibroblasts did not survive incubation in low-Ca2" KBM alone, addition of RA (3 tIM) or supplementation with Ca2" (1.4 mM, final concentration) prevented fibroblast death.
This was seen equally with fibroblasts isolated from either sunprotected or sun-exposed tissue. Although incubation in high- Ca2+ KBM or in low-Ca2" KBM supplemented with RA prevented cell death, neither treatment alone provided an optimal environment for proliferation. Significant growth was only observed in the presence of combined treatment with high Ca2" and RA. Neonatal fibroblasts were also examined for survival and growth under the same culture conditions. Similar to what was observed with adult cells, the neonatal fibroblasts failed to proliferate in low-Ca2" KBM but responded well to RA in this culture medium (Fig. 5) . In contrast to the adult cells, however, neonatal fibroblasts proliferated maximally in high-Ca2" culture medium without RA supplementation and RA did not enhance growth further. Indeed, the addition of RA reduced cell growth significantly (Fig. 5) . Lastly, neonatal fibroblasts and adult fibroblasts from both sun-protected and sun-exposed sites were examined for responsiveness to RA in growth factor-supplemented medium (KGM). The results with all three populations were very similar to those shown in Fig. 5 . That is, all three populations responded to RA in low-Ca2" medium but only the adult cells responded in high-Ca2" medium (not shown).
Discussion
Topical RA treatment has been shown to improve the clinical appearance of sun-damaged skin (34) (35) (36) ...W.r, io:,. Adult skin was responsive under both low-Ca2" conditions and in the presence.of a physiological level of extracellular Ca2".
The implication of this is that RA-induced repair of sun-damaged skin (34) (35) (36) may reflect the capacity of retinoids to modulate the behavior of fibroblasts and keratinocytes in a manner that is age related but independent of their sun-exposure status. Alternatively, the possibility must be considered that foreskin differs from adult skin as a result of site-specific rather than age-specific factors. (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , the capacity of RA to act as a growth promoter for both cell types may underlie its ability to bring about repair of aged skin in vivo. This may be especially relevant for the epidermis since both neonatal and adult keratinocytes responded to RA much better under growth factor-deficient conditions than in growth factor-supplemented medium (reference 57 and this report) and since production of endogenous growth factors (as well as growth factor responsiveness) is lower in adult keratinocytes than in neonatal cells (11) . We (64) (65) (66) (67) (68) (69) . How fibroblasts preserve structure and function in organcultured skin is not fully understood. In addition to production of extracellular matrix components that constitute the dermal connective tissue (Fig. 4 and references 43, 47, and 51 ) , dermal fibroblasts are also a source of growth factors for both keratinocytes and fibroblasts (70) (71) (72) . Thus, RA could act in some manner to prevent fibroblast death and to activate these cells, with the activated fibroblasts then being responsible for preservation of both dermis and epidermis.
Regardless of how RA acts to preserve structure/function in organ-cultured skin, it appears that effects observed after RA treatment are reflective of retinoid action. Similar histological changes were seen with retinol as with RA. In contrast, vitamin D and SLS did not duplicate these effects when used over a wide range of concentrations.
